Maintaining a functionally connected network of high-quality habitat is one of the most effective responses to biodiversity loss. However, the spatial distribution of suitable habitat may shift over time in response to climate change. Taxa such as migratory forest landbirds are already undergoing climate-driven range shifts. Therefore, patches of climate-resilient habitat (also known as "climate refugia") are especially valuable from a conservation perspective. Here, we performed maximum entropy (Maxent) species distribution modeling to predict suitable and potentially climate-resilient habitat in Nova Scotia, Canada, for 3 migratory forest landbirds: Rusty Blackbird (Euphagus carolinus), Olive-sided Flycatcher (Contopus cooperi), and Canada Warbler (Cardellina canadensis). We used a reverse stepwise elimination technique to identify covariates that influence habitat suitability for the target species at broad scales, including abiotic (topographic control of moisture and nutrient accumulation) and biotic (forest characteristics) covariates. As topography should be relatively unaffected by a changing climate and helps regulate the structure and composition of forest habitat, we posit that the inclusion of appropriate topographic features may support the identification of climate-resilient habitat. Of all covariates, depth to water table was the most important predictor of relative habitat suitability for the Rusty Blackbird and Canada Warbler, with both species showing a strong association with wet areas. Mean canopy height was the most important predictor for the Olive-sided Flycatcher, whereby the species was associated with taller trees. Our models, which comprise the finest-scale species distribution models available for these species in this region, further indicated that, for all species, habitat (1) remains relatively abundant and well distributed in Nova Scotia and (2) is often located in wet lowlands (a climate-resilient topographic landform). These findings suggest that opportunities remain to conserve breeding habitat for these species despite changing temperature and precipitation regimes.
INTRODUCTION
Species are currently declining at an unprecedented rate in modern history (Pimm et al. 1995 , Ceballos et al. 2017 , with habitat modification, fragmentation, and destruction among the most significant drivers (Millennium Ecosystem Assessment 2005 , Crooks et al. 2017 . Although many taxa are under threat from anthropogenic activities, migratory birds face unique risks due to a dependence on habitat that spans multiple continents and the significant biological stresses associated with migration itself (Weidensaul 2000) . Of those in decline, 3 migratory forest passerines listed as at risk in Canada (see Schedule 1 of the Species at Risk Act; Government of Canada 2002) have been receiving considerable research and conservation attention (e.g., the International Rusty Blackbird Working Group 2013-2015, Ball et al. 2016 , Environment Canada 2016 due to steep population declines: Rusty Blackbird (Euphagus carolinus; 85% decline from 1966 to 2003; Environment Canada 2015); Olive-sided Flycatcher (Contopus cooperi; 79% decline from 1968 to 2006; Environment Canada 2016a); and Canada Warbler (Cardellina canadensis; ~71% decline from 1970 to 2012; Environment Canada 2016b). These losses have been pronounced in the eastern portion of these species' ranges (Government of Canada 2017). Moreover, climate-driven range shifts have been observed or predicted for these birds (McClure et al. 2012 , National Audubon Society 2014 , Stralberg et al. 2015 .
Maintaining and restoring functionally connected networks of high-quality habitat is considered one of the most effective responses to species declines (Noss 1983, Rubio and Saura 2012) . However, due to increasing human population growth and the competing interests of many stakeholders, there are limits to the number of natural habitat areas that can be restored and/or conserved. Identifying areas to protect, maintain, or restore is therefore essential to achieving effective habitat conservation for these species.
Climate change presents particular challenges to in situ land conservation efforts, as changing temperature and precipitation regimes are expected to result in currently suitable habitat becoming unsuitable over time Ferree 2010, Beier and Brost 2010) . Increased wetland drying, insect induced tree mortality, and climate-driven range shifts have already been observed for passerines (McClure et al. 2012 , Nogués-Bravo et al. 2012 , Stralberg et al. 2015 . Land conservation initiatives that protect critical habitat are more likely to be successful at stemming biodiversity loss if they target climate-resilient habitat (sometimes termed "climate refugia"), which has a stronger likelihood of remaining suitable over the long term (Anderson et al. 2012 , Beier et al. 2015 , Gill et al. 2015 .
Over the past few decades, species distribution models (SDMs) have emerged as useful tools for delineating highvalue habitat (Franklin 1995 , Guisan and Zimmermann 2000 . SDMs use occurrence data (i.e. point locations delineating where species have been observed) to generate mathematical representations of species' distributions in environmental space (i.e. how species respond to environmental covariates), and these are in turn used to predict species' distributions in geographic space (i.e. maps of relative habitat suitability; Elith and Leathwick 2009) . Previous studies have published Canada-wide SDMs for the Rusty Blackbird, Olive-sided Flycatcher, and Canada Warbler (e.g., Hache et al. 2014 , Stralberg et al. 2015 ) and a regional SDM for the Canada Warbler in Alberta (Ball et al. 2016 ). However, these models were completed at a resolution of 100 ha, which is too coarse to guide conservation and acquisition efforts that target individual parcels of land, which are often 10 ha or less in fragmented landscapes. Only one finer-scale model has been completed for the Olive-sided Flycatcher and Canada Warbler, in the Canadian Maritimes (6.25 ha resolution; Westwood et al. 2019) . Neither of these regional models accounted for predicted future climate or climate-resilient habitat.
Typically, SDM studies that attempt to locate climate refugia (e.g., Franklin 2009b , Stralberg et al. 2015 do so by (1) predicting suitable habitat under current climate conditions, (2) predicting suitable habitat under conditions based on common climate change models, and then (3) identifying overlapping areas between the two. However, the uncertainty associated with climate change predictions can be severe, leading some to question whether the noise exceeds the signal when such a strategy is used (Stralberg et al. 2015) . While some SDM studies acknowledge this uncertainty (e.g., Sohl 2014) , its effects are rarely tested.
In this study, we used maximum entropy modeling (Maxent 3.3 software; Phillips et al. 2006 ) and a reverse stepwise elimination technique to build predictive, highresolution, spatially explicit models of climate-resilient breeding habitat for these 3 species in Nova Scotia, Canada. However, rather than attempting to delineate future habitat suitability based on climate predictions, we employed proxy covariates representing enduring features (Anderson and Ferree 2010 , Huettman and Gottschalk 2011 , Beier et al. 2015 . Enduring features are environmental processes and elements considered to be "ecologically resilient" in terms of mediating fundamental biotic and abiotic conditions related to a species' niche (Holling 1986 ). These processes and features have previously been defined at global-, meso-, topo-, micro-, and nano-levels, and represent increasingly fine spatial and temporal variation in the delivery of water and energy (Mackay and Lindenmayer 2001) . For an SDM at the scale of hundreds of kilometers, covariates are available at the topo-level (i.e. covariates that describe regional topography) and microlevel (i.e. covariates that describe characteristics of forest stands).
Some previous researchers have discouraged the inclusion of abiotic factors such as topography in SDMs, as the influence of such features over species distributions tends to be indirect, especially for mobile vertebrate taxa (Franklin 2009a) . Although topographic covariates have been used to help predict species distributions in earlier studies, such covariates have generally been employed as surrogates when mapped data representing important biotic features were unavailable. However, the utility of abiotic topography in identifying climate-resilient habitat has nonetheless been noted as certain topographic features (1) have the ability to promote "ecological memory, " whereby ecosystems retain similar structures and functions following disturbance (Holling 1992 , Larkin et al. 2006 ) and (2) will generally be less affected by changing temperature and precipitation regimes than biotic features (Anderson et al. 2012) . Therefore, we posit that models trained using appropriate topographic covariates (in conjunction with appropriate micro-level forest/ habitat-type covariates) should be better able to identify climate-resilient habitat than models trained using forest covariates alone.
Our objectives in this study were to (1) construct SDMs using a combination of topographic and forest covariates to identify potential climate-resilient habitat for Rusty Blackbird, Olive-sided Flycatcher, and Canada Warbler in Nova Scotia; (2) elucidate regional habitat associations of these species based on covariates selected according to reverse stepwise elimination; (3) determine whether topographic covariates were useful in predicting the distribution of each species; and (4) identify predicted areas of climate resilience for each species independently and for all 3 species as a suite. The climate resilience-based approach to species distribution modeling presented here should be of theoretical interest to conservation modelers and planners, and our model results should be of practical use to ongoing conservation efforts targeting the Rusty Blackbird, Canada Warbler, and Olive-sided Flycatcher in Nova Scotia.
METHODS

Study Area
Nova Scotia (~45°N, ~63°W) is a maritime province in southeastern Canada, situated on the Atlantic migratory flyway and containing the easternmost breeding habitat of the Rusty Blackbird, Olive-sided Flycatcher, and Canada Warbler. The province is characterized by a modified continental climate and exhibits a wide (though not extreme) temperature range, ample precipitation, and great variability in daily weather conditions (Nova Scotia Museum of Natural History 1996b). With a total area of 52,939 km 2 (Statistics Canada 2017a), Nova Scotia contains a diverse array of landscapes and an abundance of wetlands, lakes, and rivers (Nova Scotia Museum of Natural History 1996a). Land use/land cover is mixed and includes intact and fragmented forests, coastal barrens, agricultural areas, 2 cities (Halifax and Sydney), and a number of towns (Agriculture and Agri-food Canada 2015, Statistics Canada 2017b) . Topography is gently rolling, with elevations ranging from 0 to 520 m above sea level, whereby the highest elevations occur in the northeast. Nova Scotia is situated within the Acadian Forest Ecozone and is characterized by mixed forest species, although conifers dominate in areas where drainage is impeded (Rowe 1972 , Neily et al. 2005 .
Species Occurrence Data
Occurrence data for the Rusty Blackbird, Olive-sided Flycatcher, and Canada Warbler were obtained from the Atlantic Canada Conservation Data Center. Occurrences primarily comprised records from the Maritime Breeding Bird Atlas (MBBA) database (2006-2010 surveys) but also included observations made by other individuals and research groups. Nearly all observations were made between 2005 and 2013; for Rusty Blackbird, there were 2 additional observations, from 1998 and 2001. Corresponding absence data was not available for these species.
To clean the data, we removed occurrences where the bird was not guaranteed to be less than 150 m away from recorded coordinates. To reduce spatial autocorrelation, we applied a spatial distance filter of 1 km (Franklin and Miller 2009) ; when the distance between points was below this threshold, the point closest to a road was removed. After filtering, 136 Rusty Blackbird observations, 502 Olive-sided Flycatcher observations, and 312 Canada Warbler observations were available for modeling ( Figure 1 ).
Environmental Data
Based on available literature, covariates used in other SDMs (Haché et al. 2014 , and personal communications with regional experts, we selected 11 covariate layers to include in reverse stepwise elimination (Table 1) .These covariates represent environmental processes and features at the topo-and micro-levels (Holling 1986, Mackay and Lidenmayer 2001) and reflect known ecological preferences of the target bird species. In the study region, all 3 species use wet forest habitat (Westwood 2016) . The Olive-sided Flycatcher uses edges of predominantly coniferous forests alongside gaps created by wetlands, recent burns, or clearcuts (Altman and Sallabanks 2012) . The Canada Warbler uses forested wetlands and wet, shrubby mixedwood forests (Reitsma et al. 2009 ), and the Rusty Blackbird is a wetland obligate (Avery 2013) .
All covariate layers were prepared as a stack of ASCII rasters with the same projection (NAD 1983 UTM Zone 20), spatial extent, and cell size (150 m, to match the coarsest resolution of species occurrence data) using ArcGIS 10.3.1 (Environmental Systems Research Institute [ESRI], Redlands, California, USA). To reduce effects of multicollinearity on model outputs, we also ensured that no pair of covariates had a Spearman correlation coefficient larger than |0.6| using SPSS 21 (IBM 2013). Many of the environmental datasets used in this study are maintained and distributed by the Nova Scotia Department of Natural Resources (NSDNR); all of these NSDNR datasets (the use of which are described over subsequent paragraphs) are publicly available through Geonova (https:// geonova.novascotia.ca).
Topographic covariates. Regional topography (1) creates microclimates with variable temperature and moisture regimes (Anderson et al. 2012 ) and (2) regulates the accumulation of water and soil nutrients on the landscape. These phenomena influence ecosystem vegetation (Mackay and Lindenmayer 2001) and the ecological resilience of an area (Anderson et al. 2012) . Of our 11 candidate covariates, 3 represented topographic features, including topographic position (Topographic Position Index), landscape complexity (Landscape complexity), and a depth to water table (Depth to water table). Each of these topographic covariates were defined according to regional indices specific to Nova Scotia.
The topographic position index classifies landform position relative to the surrounding "neighborhood" (i.e. local topographic position). Topographic position affects many biophysical processes, such as soil erosion and deposition, wind exposure, cold air drainage, and hydrological balance (Weiss 2001) . Using methods developed by Weiss (2001) and modified by Cooley (2014) , we created a topographic position index that classified landform position based on Nova Scotia's Enhanced Digital Elevation Model (DEM), which is distributed by the Nova Scotia Department of Natural Resources (NSNDR) and was produced in 2006. Specifically, this index classified 5 topographic positions (i.e. valleys, low slopes, mid slopes, up slopes, and ridges; see Appendix). Anderson et al. (2012) define landscape complexity as the number of microclimates present in an area, which is in turn a function of landform variety, wetland density, and elevation range. More complex landscapes typically support greater biodiversity levels and promote climate resilience (Anderson et al. 2012) . We built a 150-m 2 index delineating relative landscape complexity across Nova Scotia using methodology adapted from Anderson et al. (2012) , the provincial DEM, and the provincial wetland inventory (which is maintained and distributed by NSDNR). (See Appendix for a detailed description of GIS methods.)
The depth to water table is based on a DEM and hydrographic data (NSDNR; Murphy et al. 2007 ). This index describes where water is likely to flow and/or accumulate on a landscape. Westwood et al. (2019) found depth to water table to be a strong predictor of distribution for these species.
Forest covariates. Forest habitat covariates are believed to have a more direct influence on the suitability of songbird habitat and on the diversity of songbird communities than topography (Franklin 2009a) . We included 8 covariates that described characteristics of forest stands, including vertical and horizontal distribution of canopy elements or patch types. Forestry data were obtained from the province-wide Forest Inventory Database (FID; NSDNR). This layer is regularly updated through aerial photograph interpretation and describes land use as well as the structure and composition of vegetation. FID data used in this study were from 1988-2012, with the majority collected between 2003 and 2012.
To prepare forest covariates, we converted the original FID polygon layer into raster layers and averaged values within each 150-m cell to characterize average canopy height (Canopy height AVG) and average canopy density (Canopy closure AVG). To characterize heterogeneity of canopy height (Canopy height STD) and canopy density (Canopy closure STD), we calculated the standard deviation of relevant polygon values within those same cells. To delineate availability and distribution of cover types, we measured the Euclidean distance from each cell to the nearest coniferous and deciduous stand (Distance to coniferous stand and Distance to deciduous stand, respectively). Finally, to delineate the availability and distribution of key patch types, we measured the distance between each cell and (1) the nearest all height stand (Distance to all height stand; i.e. stands in which 3 or more distinct canopy layers can be distinguished from aerial imagery; Pannozzo and Colman 2008) and (2) the nearest stand with dead material (Distance to stand with dead material).
Maximum Entropy Modeling
We used Maxent 3.3 software (Phillips et al. 2006) to model relative habitat suitability for the Rusty Blackbird, Olivesided Flycatcher, and Canada Warbler in Nova Scotia. Maxent is a widely used machine learning SDM method that estimates the relative probability of species presence by comparing environmental conditions at occurrence points to those at 10,000 background points (i.e. locations where the species was not observed, with 10,000 being the standard established by Phillips and Dudik 2008 and repeated in many studies, including Elith et al. 2010a , Merow et al. 2013 . Although methods that use presence-absence data are generally considered to be more accurate than presence-only methods, absence data were not available for our target species; therefore, our modeling efforts were limited to presence-only approaches. Furthermore, presence-only methods are most appropriate when data are collected using different protocols (Franklin 2009a) , as was the case with our species datasets. Maxent ranks among the top performing presence-only modelling approaches (Elith et al. 2006 ) and has the additional advantages of being easy to use and relatively robust to small sample sizes and/or spatial errors in occurrence data (Elith et al. 2006 , Merow et al. 2013 . In building models, we applied a regularization penalty of 1.5 to reduce overfitting, after we noticed that the default regularization penalty of 1 led to unrealistic response curves. All other parameter settings were assigned default values.
Correcting for Sample Bias
Bias in sampling effort can greatly reduce model accuracy. When sample bias is present, environmental covariates may be assigned importance because they are typical of intensely surveyed areas, not because they represent a real biological relationship (Baldwin 2009 , Phillips et al. 2009 ). This is particularly problematic for presence-only models such as Maxent, as presence-only datasets almost invariably comprise a collection of undesigned, opportunistic, or purposive observations obtained from multiple sources of varying integrity (Franklin 2009a) . To compensate for sample bias in bird datasets, in addition to spatial filtering, we created "bias grids, " which modify the location and frequency of background data collection in order to characterize the background sample with similar spatial bias as that which affects occurrence data (Phillips and Dudik 2008) . Thus, while the total number of background points (i.e. 10,000) does not change, when a bias grid is used, background points are sampled at a greater density around clusters of presence points (whereas when no bias grid is used, background points are evenly sampled throughout the entire study area).
Our recent study found that applying a spatial filter in conjunction with a bias grid was among the most effective methods of reducing the effects of sample bias in Maxent compared to 5 other commonly used bias correction strategies (Bale 2017) . We created bias grids by generating a kernel density map of occurrence points for each species using the "Kernel Density with barriers" tool included in the Hawth's tools extension for ArcGIS (Beyer 2004) . Following Elith et al. (2010b) and Fourcade et al. (2014) , we adopted a kernel radius of 10 km and normalized output kernel density values between 1 and 20 ( Figure 1 ).
Reverse Stepwise Elimination
We applied a reverse stepwise elimination technique to identify the most parsimonious subsets of covariates to be included in final models (Hooftman et al. 2015 , Wang et al. 2018 . For this, we first ran initial models for each species using all covariates (see Table 1 ), with one exception: due to differing ecological associations, distance to deciduous stand was not included in initials models for the Rusty Blackbird and Olive-sided Flycatcher. Following initial model runs, the covariate that contributed the least predictive power according to permutation importance score (Yost et al. 2008 , Baldwin 2009 ) was identified, and a new model was then run without this covariate. This procedure was repeated until a single covariate remained, yielding a set of n candidate models, where n = the number of covariates included in the initial run. Of these, the most parsimonious model was identified using Akaike's Information Criterion (AIC c ) (corrected for small sample sizes), calculated using a Perl script developed for Maxent by Warren and Seifert (2011) . Models with the lowest AIC c score were adopted as "final models" for each species.
Model Evaluation
For each species, we evaluated the fit of the final model using Area under the Receiver Operating Curve (AUC) statistics and by comparing expected vs. observed omission rates. AUC is a ranked approach that provides a measure of the likelihood that a randomly selected presence point has a higher suitability score than a randomly selected absence or, in the case of Maxent, background point (Elith et al. 2006 , Fourcade et al. 2014 . AUC scores range from 0 (no power to discriminate between presence and absence/ background) to 1 (perfect discriminatory power). A score of 0.5 indicates that model predictions are no better than random. We reported mean AUC values for 10 crossvalidated runs. For each of these runs, we used 90% of occurrence points to train the model and 10% of occurrence points to test the model. Therefore, 2 AUC values were generated for each final model, one based on training data (AUC train ) and one based on test data (AUC test ). Although AUC is widely used in SDM studies, this metric has been criticized for tending to reward overfit models (Lobo et al. 2008) , which often predict training data well and test data poorly (Warren and Seifert 2011; Bale et al. in prep) . Therefore, in evaluating model reliability, we also (1) considered the difference between AUC train and AUC test scores (AUC diff hereafter) and (2) compared expected versus observed omission rates.
In comparing expected and observed omission rates, we adopted 2 thresholds: the lowest presence threshold (i.e. LPT) and the 10% presence threshold (10PT) (Pearson et al. 2007) . LPT refers to the maximum suitability score for which no presence locations were incorrectly classified as "background, " and 10PT refers to the suitability score at which 10% of presence locations were incorrectly classified as background. For each species, we calculated the LPT and 10PT values of training data (i.e. expected omission rates) and determined how many points were excluded when these thresholds were applied on test data (i.e. observed omission rates). Observed omission rates that are close to 0% for LPT and 10% for 10PT indicate that the model is well calibrated.
Creating Binary Suitability Surfaces
Results output by Maxent software include a continuous surface of ranked habitat suitability values as well as threshold values that can be used to convert this continuous surface into a binary one that distinguishes among only 2 categories: suitable habitat and unsuitable habitat. To estimate how much of the Nova Scotia landmass is predicted to contain suitable habitat for each of the 3 study species, we applied the maximum training sensitivity plus specificity (MaxSS) threshold. MaxSS is determined by optimizing sensitivity and specificity values and was identified by Liu et al. (2013) as the most robust threshold among the ones included in Maxent outputs. We subsequently combined all 3 binary suitability surfaces into a single map to identify areas of Nova Scotia that may contain suitable habitat for all 3 species. To further assess the utility of topographic covariates in species distribution modelling, we (1) calculated the percent area of suitable habitat (for all 3 species) that was composed of topographic features of interest (i.e. topographic features that showed good predictive power in our models) and (2) compared those values to the percent area that the topographic features of interest comprised across the entire province of Nova Scotia.
RESULTS
Final models for each species included 4-6 covariates representing both topographic and forest features.
(Response curves as well as percent contribution and permutation importance scores for each covariate are listed in Table 2 .) Of topographic covariates, the topographic position index and especially the depth to water table layer showed good predictive power in our models. For all species, while AUC train and AUC test values were fairly low, AUC diff values were also low, and observed omission rates were similar to expected omission rates (Table 3) , which indicates that overfitting did not significantly confound our SDMs. Furthermore, for all species, maps of relative habitat suitability indicated that, at a resolution of 150 m 2 , suitable habitat remains fairly abundant and well distributed across Nova Scotia (Figures 2 and 3, Supplementary Material Figures S1  and S2 ). When each of the binary habitat suitability surfaces (created using the MaxSS threshold) were compared in an overlay, ~22% of the Nova Scotia landmass was predicted to be suitable for all 3 species (Figure 4 , Supplemental Material Figure S3 ). Of areas suitable for all species, 43% was classified as "valley" by the topographic position index, and 66% was classified as either "valley" or "low-slope. " Conversely, for all of Nova Scotia, these values were 7% (valleys) and 34% (valleys or low-slopes), respectively (Table 4 ). Moreover, 49% of areas predicted to be suitable for all species was classified as "wet" by the depth to water table index (i.e. the distance between the water table and the earth surface was ≤1 m; Murphy et al. 2007) . Conversely, when the depth to water table index was applied across the entire province of Nova Scotia, only 8% of the provincial landmass was classified as "wet" (Table 4) .
(Note that a geodatabase containing GIS files that delineate relative habitat suitability and binary habitat suitability for each of the target species is available online as Supplementary Material data. This geodatabase also contains a file that delineates areas predicted to contain suitable habitat for all 3 species.)
Rusty Blackbird
The final Rusty Blackbird model included the following covariates (listed in order of permutation importance scores): depth to water table, canopy height AVG, canopy height STD, and distance to coniferous stand (Table 2A ). Response curves showed that relative habitat suitability steeply declined as depth to water table increased. In other words, habitat suitability rapidly decreased with a loss of soil moisture for this species. Note that depth to water table had greater importance to the Rusty Blackbird model than did any other covariate in any other model. Response curves for canopy height AVG and canopy height STD showed a linear decrease and a linear increase, respectively, revealing that Rusty Blackbirds tend to prefer areas characterized by lower average canopy height but greater canopy heterogeneity. In addition, habitat was more suitable near coniferous stands (Table 2A ).
The binary prediction surface indicated that 43% of Nova Scotia contained suitable Rusty Blackbird habitat ( Figure 4A , Supplemental Material Figure 3A ). However, model evaluation metrics indicated that the model for this species was more poorly fit (AUC test : 0.654, observed omission rate at 10PT: 3.2% higher than expected; Table 3 ) than were models for the other species.
Olive-sided Flycatcher
The 5 covariates selected in the Olive-sided Flycatcher model (from greatest to least importance) were canopy height AVG, canopy height STD, distance to coniferous stand, topographic position index, and distance to stand with dead material (Table 2B ). In contrast to the Rusty Blackbird, relative habitat suitability improved for the Olive-sided Flycatcher as average canopy height increased, but canopy heterogeneity decreased. The response curve for distance to coniferous stand further indicated that habitat became less suitable for Olive-sided Flycatchers away from conifer dominated areas (Table 2B) , and this decrease was more pronounced than that observed for the Rusty Blackbird. Results for topographic position index indicated that the Olive-sided Flycatcher was more likely to occur in valleys and low-slope areas. Finally, relative habitat suitability also decreased away from stands that contained dead material, although this covariate had an importance score of <5%.
The Olive-sided Flycatcher model (AUC test score: 0.667, observed omission rate at 10PT: 1.98% higher than expected; Table 3 ) predicted that almost half of Nova Scotia remains suitable for this species (49% of the provincial landmass; Figure 4B , Supplemental Material Figure 3B ).
Canada Warbler
The Canada Warbler model contained 6 covariates (from greatest to least importance): depth to water table, distance to coniferous stand, canopy height STD, distance to deciduous stand, distance to stand with dead material, and landscape complexity (Table 2C ). As with the Rusty Blackbird, suitability scores decreased as depth to water table values increased, although this trend was less pronounced for the Canada Warbler than for the Rusty Blackbird. (Depth to water table also received a lower importance score in the Canada Warbler model than in the Rusty Blackbird model, although it was selected as the most important covariate in both models.) The Canada Warbler further showed a similar response to distance to coniferous stand as the other 2 species, wherein relative habitat suitability decreased away from conifer dominated areas. Response curves for the covariates canopy height STD, distance to deciduous stand, and distance to stand with dead material revealed that relative habitat suitability increased in areas characterized by greater variation in TABLE 2. Covariates included in final models as well as associated percent (%) contribution scores, permutation importance scores, and response curves for the (A) Rusty Blackbird, (B) Olive-sided Flycatcher, and (C) Canada Warbler. Note that the y axis of all response all curves represents relative habitat suitability, wherein suitability increases from the bottom to the top of the axis. The x axis of all response curves except TPI begins at 0 (left side of figure) , and values (e.g., height, distance) increase toward the right. For TPI, 1 = valley, 2 = low slope, 3 = mid slope, 4 = upper slope, and 5 = ridgetop. canopy height but decreased away from areas dominated by deciduous trees and/or woody debris. Finally, the response curve for landscape complexity indicated that relative habitat suitability increased in more topographically complex areas (Table 2C ). Compared to models for the other 2 species, the Canada Warbler model showed the best fit (AUC test score: 0.692, observed omission rate at 10PT: 1.39% higher than expected; Table 3 ), but predicted the smallest amount of suitable habitat (35% of the provincial landmass; Figure 4C , Supplementary Material Figure 3B ).
DISCUSSION
This is the first study to develop provincial SDMs for the Rusty Blackbird, Olive-sided Flycatcher, and Canada Warbler in Nova Scotia. At first glance, the relatively low AUC test scores (0.654-0.692) for the SDMs appear to suggest that their predictive power was only marginally better than random. However, although AUC is among the most widely used model evaluation metrics, many previous researchers have reported that it is a poor evaluator of SDMs (Lobo et al. 2008 , Gonzalez et al. 2011 , and this is especially true for presence-only models (Lobo et al. 2008 , Van Proosdij et al. 2015 . Furthermore, while AUC helps evaluate a model's discriminatory power, it provides no indication of goodness-of-fit and tends to reward overly complex models. Multiple factors are known to artificially inflate AUC scores, including species prevalence across the study landscape, the number of occurrence points in species datasets, and sample bias (Lobo et al. 2008 , Van Proosdij et al. 2015 . Indeed, in other research (Bale 2017) , we found that the models which yielded the highest AUC test scores were those that employed the species datasets most severely affected by sample bias; a factor for which we controlled.
Conversely, a comparison of expected vs. observed omission rates indicated that Olive-sided Flycatcher and Canada Warbler models were reasonably well fit. Observed omission rates for the Rusty Blackbird model showed larger deviations from expected omission rates than did observed omission rates for the other species considered in this study, indicating that, among the 3 study species, the Rusty Blackbird model had the poorest fit. This was also the case in species abundance models generated by Westwood et al. (2019) , who used a similar dataset and postulated that low sample sizes were responsible for modelling challenges. In our case, only 136 Rusty Blackbird occurrences were available for model building, compared to 502 occurrences and 312 occurrences for the Olive-sided Flycatcher and Canada Warbler, respectively. We therefore suspect that our model overpredicted the amount of suitable Rusty Blackbird habitat in Nova Scotia (43%) due to a smaller sample size and the incorporation of fewer covariates.
Species-Specific Habitat Associations
For all species, covariates selected through reverse stepwise elimination generally corresponded well with known habitat preferences, indicating good ecological realism of the SDMs. The Rusty Blackbird is a wetland obligate that is dependent on shallow water to meet its foraging needs (Powell et al. , 2014 , which explains why depth to water table was (1) assigned a highest permutation importance score than all other covariates in all models and (2) why relative habitat suitability was found to rapidly decrease as depth to water table values increased. Rusty Blackbird nesting preferences (i.e. dense patches of stunted conifers surrounded by sparse canopy closure; Matsuoka et al. 2010) were also reflected in model results (i.e. associations with forest structure variables that represent patchy habitat and coniferous stands).
We found that the most suitable Olive-sided Flycatcher habitat was also characterized by patchy vegetation dominated by coniferous trees, which has been noted in other parts of this species' range as well (e.g., in Oregon, McGarigal and McComb 1995; in California, Brandy 2001) . Although the Olive-sided Flycatcher has been recognized as an edge specialist (McGarigal and McComb 1995) that commonly nests in emergent trees along forest edges, we did not directly test for an edge association in this study. Nonetheless, our Olive-sided Flycatcher model showed that relative habitat suitability increased as distance to stand with dead material decreased. This finding may have resulted from this species' preference for post-disturbance, earlyseral habitat with higher snag densities, a habitat type that is associated with forest edges (Robertson and Hutto 2007) .
Results for topographic position index predicted that Olive-sided Flycatcher habitat quality should be higher in valleys and on low-slopes, areas that favor the formation of hydrological landforms, such as wetlands and watercourses (Mackay and Lindenmayer 2001) . This corresponds with Westwood et al. (2019) who found that, for this species, an interaction term between forest cover and wetness was the best predictor of habitat suitability; whereas, for the Canada Warbler, habitat suitability was better predicted by wetness alone. (In our model, depth to water table was not selected in the final Olive-sided Flycatcher model, while forest cover and structure variables were selected.)
Previous studies on Canada Warbler habitat in the eastern portion of this species' range have identified vegetated wetlands and moist forests as important habitat types for this species (e.g., Lambert and Faccio 2005 , Goodnow and Reitsma 2011 , Westwood et al. 2017 , although the Canada Warbler is associated with mesic deciduous forest habitats in western North America (Ball et al. 2016 , Hunt et al. 2017 ). Our study, in which (1) depth to water table was the most important covariate in the Canada Warbler model and (2) wetter areas were associated with higher habitat suitability values, confirmed findings of previous studies in eastern North America. Westwood et al. (2019) found that, at a broad scale, landscape complexity was associated with higher predicted population density for Canada Warbler. Despite using a different dataset to characterize complexity in the current study, we also found that more complex landscapes positively impacted habitat suitability for Canada Warbler. This association is also likely due to the species' preference for wet habitat, as areas with higher landscape complexity tend to have greater wetland density (Anderson et al. 2012) . (Indeed, a wetland density index was 1 of 3 input layers used to create the landscape complexity index; see Appendix.) Results for forest structure covariates further revealed that suitable Canada Warbler habitat was positively associated with high vertical complexity and a denser understory layer, confirming previous findings (e.g., Reitsma et al. 2009, Goodnow and Reitsma 2011; Becker et al. 2012) . Highly suitable Canada Warbler habitat was also associated with proximity to coniferous and deciduous stands, consistent with the species' preference for mixed wood stands in the eastern part of its range (Reitsma et al. 2009 , Becker et al. 2012 ). However, the higher permutation score associated with distance to coniferous stand may reflect the predominance of this cover type in the province of Nova Scotia, rather than a real ecological preference for cover type, as the Canada Warbler is known to nest in red maple (Acer rubrum) floodplains in this region (Westwood 2016) .
Benefits of Using Topographic Covariates to Improve Climate Resilience of Model Predictions
While covariates related to forest type and structure are typically considered to have a more direct influence over species distributions, our models demonstrated that topographic features can also have predictive value in SDMs. In this study, not only did reverse stepwise elimination identify both topographic and forest covariates as being important to relative habitat suitability for all 3 species at the resolution and scale considered, topographic covariates showed stronger explanatory power than did many forest covariates, particularly for the Rusty Blackbird and Canada Warbler, likely due to their relationship with wet habitat.
The stability of topography is especially important in an era of climate change, as shifts in temperature and precipitation regimes are expected to significantly alter North American forest ecosystems and species assemblages, including in Nova Scotia (Coristine and Kerr 2011 , Robillard et al. 2015 , Stralberg et al. 2015 . Unlike forest features, topography remains relatively unaffected by a changing climate, and furthermore, topographic processes help regulate forest and other micro-level habitat characteristics (Holling 1986, Mackay and Lindenmayer 2001) . For example, topography controls hydrological conditions, whereby moisture and nutrients (both of which are needed to support high-quality habitat for our target species) accumulate in concave lowlands in response to gravitational potential energy gradients (Mackay and Lindenmayer 2001) . Thus, for obligate and facultative wetland species such as the Rusty Blackbird and Canada Warbler, habitat located in these areas may be more likely to remain suitable into the future as climate changes than habitat found in other landform types.
Models that employ topographic covariates may also offer practical advantages related to model accuracy and utility, as characteristics of forest vegetation often change (e.g., through silviculture practices or the natural processes of disturbance and succession) more quickly than GIS layers representing them can be updated. Conversely, changes in topography often occur at geologic timescales, and therefore topographic GIS layers can be expected to remain relatively accurate.
Nonetheless, we acknowledge that enduring topographic features are unlikely to be universally useful to SDMs; rather, the predictive power of topographic covariates, like that of all covariates, will undoubtedly vary according to species-specific habitat requirements. For some species, topographic features may not show any predictive power at all. In the current study, the topographic covariate depth to water table showed the strongest predictive power for Rusty Blackbird and Canada Warbler models. Conversely, for the Olive-sided Flycatcher model, although topographic position index was selected, forest covariates were more explanatory overall. This is likely due to the strong association between the Olive-sided Flycatcher and forest cover and structure, observed both in our study and elsewhere (Spies et al. 2007 , Azeria et al. 2011 .
We also acknowledge that some topographic features will be less useful in predicting climate resilience than others. As Gill et al. (2015) pointed out, conservation plans that incorporate topographic landforms should consider the persistence of these landforms across space and time, as various landform types form, move, and dissolve at not only different spatial scales, but at different time scales as well (Gill et al. 2015) . In this study, we only considered topographic covariates that (1) could reasonably be expected to have ecological relevance to the distribution of bird habitat and (2) represented features created over millennia or eons (a characteristic of climate-resilient features; Dobrowski et al. 2012 , Gill et al. 2015 .
Implications of Covariate-Specific Results
In this study, all topographic covariates (i.e. depth to water table, landscape complexity, and topographic position index) showed predictive power, although the strength of this power varied, and no covariate was selected in all models. Implications of covariate-specific findings are discussed below.
Depth to water table. Although climate change is likely to impact absolute depth to water table values (Kumar 2012) , the depth to water table layer itself was derived from physiographic features. The topographic features used to predict water flow and levels are expected to be relatively enduring, and even if absolute wetness changes, relative wetness is unlikely to change (e.g., an area currently predicted to be drier is unlikely to become a wet area, and vice versa).
Landscape complexity. While landscape complexity was selected in the Canada Warbler model, the conservation of topographically complex areas should benefit not only Canada Warbler but many other species as well. Topographic complexity creates steep climatic gradients that parse regional climate patterns into variable localscale microclimates (Dobrowski et al. 2012 ). This in turn creates a diverse array of habitats and provides species with increased opportunities to move as climate changes. Indeed, it is not a coincidence that 25% of global terrestrial biodiversity is found in complex, mountainous landscapes (Dobrowski et al. 2012) .
Topographic position index. The Olive-sided Flycatcher model developed in this study indicated that, in Nova Scotia, this species tends to occur in low topographic positions, such as valleys or along slope bottoms. Our Rusty Blackbird and Canada Warbler models confirmed that these species are highly dependent on wet areas, which also occur in low topographic positions and topographically complex areas (Anderson et al. 2012) . In many cases, low topographic positions located in topographically complex landscapes should be particularly useful for predicting climate-resilient habitat. Consider the fact that cold air pooling is common and widespread in complex, mountainous landscapes (Dobrowski et al. 2012) , where cold air pools in low topographic positions. This phenomenon acts to decouple the local in situ climate from the regional climate, thereby providing a buffer against climate change. Cold air pooling can also shelter affected areas from regional advective influences and lower minimum temperatures (which have increased almost twice as fast as maximum temperatures over the past century ; IPCC 2007) .
Implications for Conservation of Target Species
Our results suggest that (1) Nova Scotian forests retain a high proportion of breeding habitat for the 3 species at risk considered in this study and that (2) this habitat is well distributed throughout the province, providing opportunities for conservation (Figures 3 and 4) . Although the Olive-sided Flycatcher was predicted to have a greater amount of suitable habitat than the other 2 species (consistent with earlier research by Westwood et al. 2019 ), 22% of the Nova Scotia landmass was predicted to be suitable for all 3 species. Therefore, the Rusty Blackbird, Olive-sided Flycatcher, and Canada Warbler may have the potential to be conserved as a suite in this region. These findings corroborate those of other recent studies that used field measurements (Westwood et al. 2016 ) and a different type of SDM (a hierarchical species abundance model; Westwood et al. 2019) to show that the Rusty Blackbird, Olive-sided Flycatcher, and Canada Warbler share similar habitat preferences in this region. A spatial prioritization of conservation areas has been completed in this region for the Canada Warbler (Westwood 2017), but not for the other 2 species. The overlapping areas indicated in our study could be prioritized in ongoing conservation planning efforts for these at-risk species in a context of climate change.
Topographic features, particularly those related to hydrologic control, showed strong predictive power in our models. Furthermore, almost half of the habitat predicted to be suitable for all 3 species (i.e. areas highlighted in Figure 4 ) was classified as a wet area by the depth to water table index. A plurality of habitat predicted to be suitable for all 3 species was classified as a valley by the topographic position index, and a majority was classified as either a valley or a low-slope by this same index. However, wet areas and low topographic positions were FIGURE 3. Binary habitat suitability maps for the Rusty Blackbird, Olive-sided Flycatcher, and Canada Warbler (created by applying the MaxSS threshold to the relative habitat suitability maps shown in Figure 2) , where black denotes suitable habitat areas, and white denotes unsuitable habitat areas. much less prevalent across Nova Scotia as a whole (Table  4) . Previous studies that observed greater productivity and passerine species richness in wet areas hypothesized that this correlation can be explained by (1) increased moisture and nutrient accumulation (Neave et al. 1996) and (2) increased vertical complexity due to the juxtaposition of multiple habitats in riparian forest ecotones (LaRue et al. 1995) . LaRue et al. (1995) also reported that many bird species that typically prefer drier environments may also be found in lowland riparian sites; however, the reverse was not true for species that prefer wetter habitat (LaRue et al. 1995) . Thus, engaging in conservation planning while considering topographic variables related to hydrological control may not only be important for conserving climateresilient habitat for the 3 species considered in our study, but a greater suite of passerines as well.
Limitations
Although there is theoretical and modeled evidence to suggest abiotic topography may be useful in identifying climate-resilient habitat, the utility of our resiliencebased approach for conserving and recovering species has not yet been tested. Robust testing would necessitate long-term empirical studies to monitor the persistence of these species in habitats predicted to be climate resilient. Furthermore, while habitat delineated using a combination of topographic and forest covariates should be more likely to persist in the face of climate change than habitat delineated using forest covariates alone, additional steps could be taken to further prioritize suitable habitat according to climate resilience. For example, habitat patches could be scored according to "landscape resilience, " which is defined according to geophysical diversity, topoclimate diversity, and permeability (see Anderson et al. 2012 Anderson et al. , 2016 .
In addition, it is possible that model reliability was affected by classification errors in underlying datasets, which may be considerable in some parts of the FID (Westwood 2016) . To minimize confounding effects of classification errors, we defined cover types generally (i.e. coniferous or deciduous), rather than by dominant tree species. In addition, although a temporal disconnect between FID update year and year of observation may have introduced a source of error, most components of the FID were last updated within the range of species observations used in this study (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . Nonetheless, as with all SDMs, results should be treated with caution until adequate ground truthing is conducted (see Westwood et al. 2019) .
In terms of practical limitations, while an assumption of Maxent modeling is that detectability during sampling does not vary with the covariates that determine probability (Yackulic et al. 2013 ), we did not attempt to control for detectability as related to habitat type in this study. However, most similar studies have not done so either. Unfortunately, available information about detectability for our study species in this region was inadequate to reliably investigate the impact of habitat type on detectability.
Finally, although we predicted suitable and potentially climate-resilient habitat for these species in Nova Scotia, it should be noted that habitat loss on the breeding grounds may not be the primary threat to recovery for these species, with other impacts such as loss of wintering habitat, mercury contamination, and parasites potentially posing more imminent threats (Edmonds et al. 2010 , Greenberg et al. 2011 . Although high-quality breeding habitat remains essential to the persistence and recovery of these species, conservation efforts should nonetheless consider full-life-cycle modelling where possible Porter 2009, Zurrell 2017) .
CONCLUSIONS
As human demands on the landscape and the effects of climate change continue to increase, the ability to predict suitable habitat that is also resilient to changing temperature and moisture regimes is becoming more critical. In this study, we used Maxent modeling techniques and an intersection of topographic and forest covariates to develop predictive, high-resolution, spatially explicit habitat models for the Rusty Blackbird, Olive-sided Flycatcher, and Canada Warbler. Due to the enduring nature of topographic features and the influence that these features have over the structure and function of forest habitat, the areas of suitable habitat that we identified are likely to be more climate resilient than areas predicted to be suitable using forest covariates alone. Nonetheless, future research could expand and improve on these findings by further prioritizing suitable habitat patches using other metrics of resilience. Our models can be directly used to benefit the conservation of these at-risk species by supporting the identification of areas for land acquisition and/or habitat management. Moreover, if confirmed through longer-term monitoring and field studies, our resilience approach to species distribution modeling could be applied to other terrestrial vertebrate species to predict key areas of climate-resilient habitat.
focal range analysis on the same 27-ha circular neighborhood as that used in the aforementioned landform variety analysis. As elevation range values were highly skewed toward zero, we log-transformed this data prior to further analysis.
Wetland density. A large portion of Nova Scotia is wet and flat as a result of past glaciations. In flat areas, Anderson et al. (2012) suggest that using landform variety and elevation range alone is insufficient to delineate landscape complexity. They therefore recommend that wetland density be used to infer micro-scale topographic diversity and freshwater accumulation patterns, positing that areas of high wetland density should have higher levels of topographic variation, and that small, isolated wetlands are at greater risk of shrinkage or disappearance. To create a wetland density index, we calculated the density of wetlands within 27-ha and 270-ha neighborhoods (with this size again selected to match the ratios used by Anderson et al. 2012 ) using the provincial wetland inventory (provided by NSDNR, obtained via the Dalhousie University GIS Centre). We then combined these fine-and coarse-scale wetland density values to obtain a single wetland density index, whereby the fine-scale values were given twice the weight of the coarse-scale values.
Finally, the landform variety, elevation range, and wetland density indices were normalized by Z-score and combined (using the equation shown below) to obtain a final landscape complexity index (Anderson et al. 2012 ). However, in creating this index, note that wetland density values were only applied to relatively flat landforms (i.e. landforms with a slope of 0-6°: flats, flat hilltops, and flat ridgetops), where wetlands could reasonably be expected to occur.
Landscape complexity: Flat areas = (2*Landform variety + 1*elevation range + 1*wetland density) / 4 Incline areas = (2*Landform variety + 1*elevation range) / 3
